The recent sequencing of a large number of Xenopus tropicalis expressed sequences has allowed development of a high-throughput approach to study Xenopus global RNA gene expression. We examined the global gene expression similarities and differences between the historically significant Xenopus laevis model system and the increasingly used X.tropicalis model system and assessed whether an X.tropicalis microarray platform can be used for X.laevis. These closely related species were also used to investigate a more general question: is there an association between mRNA sequence divergence and differences in gene expression levels? We carried out a comprehensive comparison of global gene expression profiles using microarrays of different tissues and developmental stages of X.laevis and X.tropicalis. We (i) show that the X.tropicalis probes provide an efficacious microarray platform for X.laevis, (ii) describe methods to compare interspecies mRNA profiles that correct differences in hybridization efficiency and (iii) show independently of hybridization bias that as mRNA sequence divergence increases between X.laevis and X.tropicalis differences in mRNA expression levels also increase.
INTRODUCTION
Xenopus has played a prominent role in many seminal discoveries in biology (1) (2) (3) . The eggs and embryos of Xenopus in comparison with most vertebrates are larger, more plentiful, simpler to obtain and easier to manipulate. These virtues led researchers of the last century to use Xenopus laevis as a model system of choice to investigate countless questions in developmental and cellular biology. However, X.laevis has some shortcomings that the closely related species Xenopus tropicalis does not. A major advantage of X.tropicalis is that it has nearly one-half the genome content of X.laevis because the X.tropicalis genome is diploid while the X.laevis genome is allotetraploid, which for the most part precludes genetic and gene expression knockdown manipulations in X.laevis that can be readily carried out in X.tropicalis. Furthermore, X.tropicalis develops in one-third the time and requires one-fifth the housing space, yet is genetically and embryologically very similar to X.laevis.
To take full advantage of the Xenopus model system for studies in basic and medical science, genomic information regarding the relative RNA expression levels of X.laevis and X.tropicalis must be made available. With the advent of the X.tropicalis system for genetic and genomic studies (4, 5) , it would be highly valuable to the research community to ascertain the similarities and differences that exist between the historically significant X.laevis system and the increasingly used and genetically amenable X.tropicalis system. Thus, a primary intent of the work described here was to provide a comprehensive comparison of global gene expression profiles of multiple tissues and developmental stages of the two Xenopus species using microarrays and to make the data accessible to the Xenopus research community.
Microarray studies with Xenopus were first carried out using a cDNA-based platform to examine the temporal regulation of global gene expression during development and neural induction (6, 7) . More recently, cDNA microarray platforms were used to analyse the global effect on gene expression by VegT (8) and the global gene expression profiles of different X.laevis tissues and developmental stages (9) . In published work closely relevant to the work described here, mRNA expression levels of 96 genes between X.laevis and X.tropicalis were compared using a long oligonucleotide (70mer) platform based on X.tropicalis gene sequence (10) . The authors found that the X.tropicalis-based microarray worked well using mRNA from X.laevis and that the two species produced similar gene expression profiles.
Here, we provide a greatly expanded comparative analysis of X.laevis and X.tropicalis mRNA expression levels and cross-species hybridization using a 70mer oligonucleotide library based on the expressed gene sequences of X.tropicalis (11) , in which nearly 11 000 annotated genes are examined. We investigated four questions. What is the range of hybridization efficiencies between X.laevis and X.tropicalis? Second, is there a correlation between mRNA sequence divergence and mRNA expression levels independent of hybridization efficiency? Third, how do X.laevis and X.tropicalis compare in their global gene expression profiles for selected tissues and developmental stages, i.e. which genes are expressed similarly and differently between the corresponding tissues and stages? Last, do the two Xenopus species express similar genes during development, i.e. does temporal gene expression during development correspond similarly for the two species? An investigation of the above questions allowed us to evaluate the overall efficacy of using X.laevis mRNA on the X.tropicalis microarray platform.
MATERIALS AND METHODS
Xenopus cultures and RNA isolation X.laevis and X.tropicalis embryos were generated by in vitro fertilization as previously described (12) , and the embryos were staged (13) . Three separate matings were performed. Each biological replicate was from a separate mating, and 50 sibling embryos from the same mating were pooled to generate the RNA. Embryos from the different matings were always kept separate and not pooled. Total RNA was extracted from pooled embryos or 200 mg of ovary or liver tissue using Trizol Reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's protocol. The total RNA was further purified by phenolchloroform extraction and ethanol precipitation.
Microarray hybridization
Total RNA from the tissues and developmental stages was amplified two rounds using the Amino Allyl MessageAmp II aRNA Amplification Kit (Ambion, Austin, TX; catalog no. 1753) according to the accompanying protocol. The amplified RNA (aRNA) samples were concentrated to 2 mg/ml by vacuum drying. The aRNA was labeled with reactive monofunctional cyanine-3 (Cy3) and cyanine-5 (Cy5) dyes (Amersham, Piscataway, NJ; catalog no. RPN5661) by an indirect amino allyl labeling method as described in Guo et al. (14) with the following exception. The labeling reaction was initiated by adding 5 ml (10 mg of aRNA) to 5 ml of coupling buffer, which in turn was used to suspend the Cy3 and Cy5 dyes.
The X.tropicalis 70mer oligonucleotide library (Operon Biotechnologies, Inc., Huntsville, AL), representing 10 898 mRNA transcripts was suspended in 3· SSC at 30 mM and printed at 22 C and 65% relative humidity on aminosilanecoated slides (Cel Associates, Inc., Pearland, TX; VSA-25C) using a high-speed robotic OmniGrid machine (GeneMachines, San Carlos, CA) with Stealth SMP3 pins (Telechem, Sunnyvale, CA) (14, 15) .
A pre-hybridization step was carried out by placing slides in slide rack and immersing them in a staining dish containing 5· SSC, 0.1% SDS and 1% BSA, stirring at 48 C for 1 h. Following pre-hybridization, the slides were dipped $10 times in two dishes containing deionized water at room temperature and excess water was gently shaken off. The slides were dipped 10 times in isopropanol at room temperature and spun dried. The vacuum dried Cy3 and Cy5 labeled aRNAs were suspended in 9 ml water, and the mixture heated at 95 C for 3 min and centrifuged at 10 000· g for 1 min. A 2· hybridization buffer was prepared containing 50% formamide, 10· SSC and 0.2% SDS and preheated to 48 C. To the denatured Cy3/Cy5 target mixture, 21 ml of the 2· hybridization buffer preheated to 48 C was added. To block non-specific hybridization, 8 ml of calf thymus DNA (1 mg/ml) (Sigma, St Louis, MO; catalog no. D8661), 2 ml poly(A)-DNA (10 mg/ml) (Sigma, catalog no. P9403), 2 ml yeast tRNA (4 mg/ml) (Sigma, catalog no. R8759) were added to a total volume of 42 ml. The hybridization mixture was applied to the prehybridized microarray slide and covered with a 22 · 60 coverslip (Fisher, Pittsburgh, PA; catalog no. 12-545-J). The slide was placed in a CMT Hybridization Chamber (Corning, Acton, MA; catalog no. 2551) and 12 ml water was added to the small reservoirs at each end of the chamber. The sealed hybridization chambers were placed in a water bath at 48 C for 66 h (16) . After hybridization, the slides were placed in a slide rack, set in a staining dish containing 1· SSC with 0.1% SDS preheated to 48 C, the coverslips were removed, and the slides were washed for 15 min at 48 C with agitation. The slides were washed further with agitation for 5 min at 48 C three times in 0.1· SSC and 0.1% SDS. The slides were transferred to a staining jar containing 0.1· SSC and washed twice at room temperature for 5 min with agitation. The slides were spun dried immediately after washing, and imaging and data analyses were carried out as described (16) .
Data normalization and analysis
The data representing raw spot intensities generated by GenePix Ò Pro version 5.0 was analysed to identify differentially expressed genes. Data normalization was performed in three steps for each microarray separately (16) . Channel specific local background intensities were subtracted from the median intensity of each channel (Cy3 and Cy5). Second, background adjusted intensities were log-transformed and the differences (R) and averages (A) of log-transformed values were calculated as R ¼ log 2 (X1) À log 2 (X2) and A ¼ [log 2 (X1) + log 2 (X2)]/2, where X1 and X2 denote the Cy5 and Cy3 intensities after subtracting local backgrounds, respectively. Third, data centering was performed by fitting the array-specific local regression model of R as a function of A. The difference between the observed log-ratio and the corresponding fitted value represented the normalized logtransformed gene expression ratio. Normalized logintensities for the two channels were then calculated by adding half of the normalized ratio to A for the Cy5 channel and subtracting half of the normalized ratio from A for the Cy3 channel. A statistical analysis was performed for each gene and for each Xenopus species separately by fitting the following mixed effects linear model (9) .
where Y ijk corresponds to the normalized log-intensity on the i-th array (i ¼ 1,. . ., 15), with the j-th tissue/sample type (j ¼ 1,. . ., 6) and labeled with the k-th dye (k ¼ 1 for Cy5 and 2 for Cy3). m is the overall mean log-intensity, A i is the effect of the i-th array, S j is the effect of the j-th tissue/sample type and C k is the effect of the k-th dye. Assumptions about model parameters were the same as described by Wolfinger et al. (17) , with array effects assumed to be random and treatment and dye effects assumed to be fixed. Additionally, a similar statistical analysis was performed for interspecies comparisons using the data from both Xenopus species. Statistical significance of differential expression among RNA samples, after adjusting for array and dye effects, was assessed by calculating P-values and estimates of fold-change were calculated. Multiple hypotheses testing adjustment was performed for the full analysis by calculating false discovery rates (FDR) (18, 19) and Bonferroni adjusted P-values. Data normalization and statistical analyses were performed using SAS statistical software package (SAS Institute Inc., Cary, NC).
Cluster analysis
Clustering was performed using Bayesian infinite mixture (BIM) model based clustering (20) using normalized expression values for each comparison. BIM model based clustering allowed for the fitting of the statistical mixture model without knowing the number of clusters in the data (21) . The statistical model was fitted using the Gibbs sampler, and hierarchical clustering was produced by treating pairwise posterior probabilities as the similarity measure and applying the traditional complete-linkage principle. The clustering results were displayed using the TreeView program (http://www. treeview.net/) (22) .
Sequence Analysis
Measures of sequence similarity were obtained from Basic Local Alignment Search Tool (BLAST) searches of each of the 70mer oligonucleotides against an X.laevis EST database performed by Operon Biotechnologies, Inc. Measures of whole gene sequence similarity were obtained by similarly blasting the X.tropicalis sequences from which the 70mer oligonucleotides were derived against all X.laevis complete coding sequences available from the NCBI database. In both cases, the value used as the measure of sequence similarity was the highest 'bit' score among the significant matches for each BLAST result. We chose to use bits rather than E-scores because we were searching against only one database. Bits is a commonly used BLAST outcome score and is defined as follows: Score (bits) ¼ [l * Score (raw) À ln K] / ln 2, where l and K are Karlin-Altschul parameters (23) .
Real-time quantitative polymerase chain reaction
Quantitative polymerase chain reaction (QPCR) analysis using SYBR green and designed primers was carried out following a described protocol (14, 15) to confirm the microarray results. Ribosomal protein 60S L4 (RPL4) was selected for use as the reference RNA because there was little difference in RPL4 mRNA levels among the three developmental stages and two tissues of X.tropicalis to X.laevis. The forward and reverse primer sequences for RPL4 were 5 0 CCAGAATCCTGAAA-AGCCAGGAG3 0 and 5 0 TCTCAAGCTGCTGCAGGATAGC3 0 , respectively (product size 167 bp). The average cycle threshold (C T ) value for the reference RNA was used to normalize the tested gene hypoxia inducible factor 1a (HIF1a). The forward and reverse primer sequences for HIF1a were 5 0 GTAGTTCAAGGC-TTTGATGC3 0 and 5 0 GCATGAAATCAAATACCAAGC3 0 , respectively (product size $150 bp). The primer sequences for RPL4 and HIF1a were 100% complementary to the corresponding gene regions in both Xenopus species. All the PCR products produced single bands of the predicted sizes. For the negative control, no template was added to the reference RNA primers from which no PCR products were detected after 40 cycles. Approximately 20-30 mg of aRNA used in the microarray analysis (see earlier description) was used as template for cDNA synthesis using random primers. The QPCR was performed two times using 125 ng (25 ng/ml) and 60 ng (20 ng/ml) of starting cDNA template. The average C T values for the PCR amplifications and the reference RNAs were determined by carrying out a QPCR measurements from three biological replicates for each gene in each experimental condition (two tissues and three developmental stages). The results from the two QPCR runs were combined for statistical analysis.
Differential gene expression ratios were calculated based on C T values of the reference RNAs using the following calculations. ANOVA was used to calculate the DC T average for each tissue/developmental stage and P-values. The DC T average values were then transformed back to the original scale, where normalized RNA expression levels were 2 DC Taverage .
RESULTS
We used a high-throughput microarray approach to investigate genomics of the Xenopus model system. The microarray experiments were carried out using a printed library of 70mer oligonucleotides representing 10 898 mRNA transcripts. The sequences were derived from the X.tropicalis expressed sequence tag (EST) project carried out at the Wellcome Trust/Cancer Research Gurdon Institute in Cambridge, UK. The entire experimental design for the microarray experiments carried out for the studies discussed in this paper is shown in Figure 1 .
Hybridization efficiencies of X.laevis transcript sequences to X.tropicalis probes Before additional questions could be investigated, we first needed to determine whether X.laevis transcript sequences could efficiently hybridize to X.tropicalis probes. The studies were carried out to ascertain a quantitative measure of how well X.laevis transcripts bound to the X.tropicalis microarray platform and to determine transcript-specific hybridization efficiency correction factors for direct interspecies comparisons. Hybridization efficiencies were determined by directly comparing the transcript levels of the corresponding tissues and developmental stages for the two Xenopus species, and the experimental design used for this portion of the study is shown in Figure 2A . Hybridization conditions for the microarray studies were relatively stringent (48 C, 25% formamide) to minimize as much as possible any experimental variability owing to non-specific binding.
The calculation of hybridization efficiencies was carried out using two methods. The first method is the method of choice for single channel arrays, and the other method is the choice for dual channel arrays. The methods included a local regression of X.laevis log spot intensity (single channel arrays, Figure 2B ) and a local regression of the log of the ratios of the expression levels for each gene (dual channel arrays, Figure 2C ) (plotted on the Y-axis) versus values that are a measure of sequence similarity in the corresponding 70mer probe (X-axis). In other words, the X-axis represents the degree to which the 70mer oligonucleotide probe contained significant sequence matches to the corresponding mRNA sequence (see Materials and Methods for a more detailed description). By assuming that for any sequence similarity level, the mRNA levels for an approximately equal number of genes increased or decreased, we could define the predicted values form local regression as the correction factors to use for hybridization efficiency. Local regression was chosen for two reasons: it is readily available in microarray analysis software because it is commonly used for the normalization of microarray data, and it avoids defining a specific parametric function for the dependence of hybridization efficiencies on sequence similarity. For the 9346 probes tested, i.e. those probes that produced signal over background levels, the Spearman rank correlation coefficient for spot intensity versus sequence similarity was R ¼ 0.4091 (P-value < 0.0001). These results indicated that overall there was a reasonable increase in spot intensity as sequence similarity increased ( Figure 2B) .
A primary intent of our studies was to determine whether X.laevis gene expression profiles can be determined on an X.tropicalis microarray platform. Thus, we asked whether hybridization efficiency seemed to be a factor in differential gene expression measurements ( Figure 2C ). A measurement of the log ratios versus sequence similarity showed that for the $4000 probes tested from the direct comparison of the different tissues and developmental stages, as sequence similarity decreased, differential gene expression increased between the two species ( Figure 2C ). The negative correlation was greatest for transcripts from stage 40 (R ¼ À0.5328) and least from liver (R ¼ À0.3479) with P-values at <0.0001 for all the RNA samples. The predicted values obtained from the local regression analysis were used as the correction factors for hybridization analysis. The magnitude of correction needed showed the likely need of using a correction factor in microarray interspecies comparisons, and although our correction factors are experiment-specific and therefore not listed here, this method for determining correction factors can be used for any interspecies microarray comparisons. In conclusion, using methods that directly compared X.laevis and X.tropicalis transcript sequences with the X.tropicalis platform, we showed that (i) the greater the divergence of RNA transcripts, the greater the difference in spot intensities and differential mRNA levels and (ii) correction factors were calculated for the X.laevis sequences.
Differential mRNA expression levels increase as gene sequence divergence increases
A reasonable argument to explain the results in the previous section is that the observed association between sequence divergence versus spot intensities and differential gene expression is due to the inability of divergent X.laevis sequences to efficiently hybridize to the X.tropicalis probes on the microarray. That is, of course spot intensities will decrease and differences in mRNA levels will increase if one of the sets of transcripts has greater sequence divergence to the arrayed probes. Therefore, we developed a new method to pursue the intriguing question of whether there is an association between RNA transcript divergence and differential gene expression in a way that was free of bias owing to differences in interspecies hybridization efficiencies.
We hypothesized that on the whole, as mRNA sequence divergence increased, differences in gene expression between X.laevis and X.tropicalis would also increase. The hypothesis was based on the premise that the more similar an mRNA is expressed in time and space, the more probable the gene sequence and (therefore the encoded protein) will be similar. To test our hypothesis, we designed an experimental approach that was independent of differences in hybridization efficiencies ( Figure 3A ), in which mRNA levels from liver, ovary, egg, stage 10 and stage 40 were compared with a corresponding X.laevis or X.tropicalis reference RNA. Each reference RNA was composed of equal masses of total RNA from the two tissues and three developmental stages from the respective Xenopus species. The separate comparisons with a commonly composed reference RNA allowed the determination of relative gene expression changes for each Xenopus species without the interceding bias owing to differences in hybridization efficiencies of the two Xenopus targets to X.tropicalis probes. The gene expression ratio values between the reference RNA and each stage and tissue for corresponding genes were next compared with each other to derive a normalized differential expression value for each gene and can be summarized by the formula:
where Xl is X.laevis mRNA, Xt is X.tropicalis mRNA and Ref is the reference RNA. Of the 10 898 RNA transcripts screened on the microarray slide, 1681 were identified as significantly different from the corresponding reference RNA for at least one tissue or developmental stage, using the relatively strict criteria of >2-fold difference in mRNA levels and FDR (18) of <0.05. The experimental design to determine the hybridization efficiencies of X.laevis transcripts from ovary, liver, egg; stage 10 (St. 10) and stage 40 (St. 40) to the X.tropicalis DNA microarray probes. Corresponding RNA samples from three biological replicates of the tissues and developmental stages for a given Xenopus species were directly compared to each other by microarray analysis. (B) A plot of log average spot intensities from X.laevis (Y-axis) versus X.tropicalis-X.laevis probe sequence similarity (X-axis). (C) A plot of the log-ratio hybridization bias (Y-axis) versus X.tropicalis-X.laevis probe sequence similarity (X-axis). The Y-axis represents the expected offset from actual relative mRNA expression levels (X.tropicalis/X.laevis).
Three approaches were used to examine mRNA expression levels versus sequence divergence ( Figure 3B and C, Table 1 ). The first approach was an investigation into the relationship between the difference in mRNA expression levels for each tissue and stage normalized to their respective reference RNAs (Y-axis) versus sequence similarity (X-axis) ( Figure 3B ). Of the five tissues and developmental stages tested, all but liver (P-value 0.203) showed a significant negative correlation (the remaining: P-value < 0.0001) between mRNA expression levels normalized to reference and sequence similarity ( Figure 3B ). The range of the correlation values were R ¼ À0.0785 for egg to R ¼ À0.1260 for ovary. These results showed that as sequence divergence increased so did the divergence in relative mRNA expression levels.
The second approach ( Figure 3C ) was an examination of the relationship between the square of the correlation coefficients (data from Figure 4B ) for all the genes that were significantly different from the reference RNA (Y-axis) versus the sequence similarity measure (X-axis). For each gene, the square of the correlation coefficient is a measure of mRNA expression similarity of each gene across tissues in X.laevis versus X.tropicalis. The spearman rank correlation coefficient was R ¼ 0.1234 (P-value < 0.0001) showing that as sequence similarity decreased, the correlation between X.laevis and X.tropicalis tissues and developmental stages also decreased. Again, these results are consistent with the contention that the more similar a gene is between X.laevis and X.tropicalis the more likely the genes are expressed similarly.
The above two approaches provided global quantitative measures in the relationship between sequence divergence and gene expression. To totally rule out hybridization efficiency as a confounding factor, the third method we used was an examination of the sequence similarities of specific RNA transcripts from homologous genes of X.laevis and X.tropicalis (Table 1 ) and was performed to eliminate the possibility that the correlation seen above was due to variability in physical binding properties. In this case, RNA transcript sequence divergence was determined for those genes in which the 70mer probe sequence on the microarray matched at least 69 of 70 nt within the corresponding X.laevis mRNA sequence. This approach allowed a direct measure of sequence divergence independent of hybridization efficiencies because both the X.laevis and X.tropicalis sequences shared nearly identical regions for hybridization to the microarray probes. A total of 154 genes were found that met this condition as well as being present in all tissues and in developmental stages. The sequence similarities of the 154 genes were then compared with the corresponding differential gene expression levels ( Table 1) .
The results in Table 1 confirmed the results from the global approaches ( Figure 3B and C). The 154 genes were evenly divided into two groups in which Group 1 contained those genes that were more similar in sequence outside the complementary 70mer region and Group 2 contained those genes that were less similar outside the 70mer region. The two gene groups were then compared for the five tissues and developmental stages, in which the normalized log difference of the differential mRNA levels were calculated by the formula log
Differential mRNA expression levels between the two gene groups were significantly different when the data for all the stages and tissues were combined (P-value < 0.007). Additionally, each developmental stage and tissue showed a trend in which differential gene expression widened as sequence divergence increased, and for egg and ovary, the difference was significant (P-value < 0.05). We note that our measure of sequence similarity is dependent on the database used for BLAST, and as the relevant sequence databases are updated, the analysis will be more precise. Nevertheless, we were able to detect significance even in the midst of the noise created by incomplete sequence data. In conclusion, as shown by different approaches, as sequence divergence in mRNA transcripts increased between X.laevis and X.tropicalis, differential gene expression also increased. The global gene expression profiles for X.laevis and X.tropicalis are generally similar
The third question we asked was in regard to how X.laevis and X.tropicalis compare in their global gene expression profiles for selected tissues and developmental stages. For this part of the study, we used those data derived from the experimental design shown in Figure 4A , in which mRNA levels from liver, ovary, egg, stage 10 and stage 40 were compared with the corresponding X.laevis or X.tropicalis reference RNA described earlier. Again, separate comparisons with a commonly composed reference RNA allowed the determination of relative gene expression changes for each Xenopus species independent of differences in hybridization efficiencies. As described earlier, 1681 genes were identified as significantly different in mRNA expression levels from the corresponding reference RNA for at least one tissue or developmental stage. Use of the significantly changed genes allowed us to compare ratio-based correlation coefficients for like genes between X.laevis and X.tropicalis among tissues ( Figure 4B ). Of the 10 898 total transcripts, 2510 transcripts (23%) were present in all tissues and met the signal to noise criterion for analysis of X.laevis versus the corresponding reference RNA, and 8317 transcripts (76%) were similarly analysed for X.tropicalis versus its reference RNA. Of the 1681 significantly changed genes $24% had a correlation of 0.90 or greater, and 68% of the genes for the two Xenopus species had correlation values of 0.5 or greater. Thus, the global gene expression levels for X.laevis and X.tropicalis are generally similar for the examined tissues and developmental stages.
The EASE program (24) , was used to functionally group the most positively (>0.90) and negatively (<À0.35) correlated genes between X.laevis and X.tropicalis based on the Gene Ontology (GO, http://www.geneontology.org/) database, in which gene products are described in the context of biological processes, cellular components and molecular functions in a species-independent manner (24,25) ( Table 2) . Using Fisher's Z-score in EASE, the two gene lists were used to test for GO categories significantly enriched with either the most highly, or negatively, correlated genes. The results revealed that the most highly correlated expressed genes were involved primarily in protein synthesis. The lowly correlated genes did not yield any significant results. The 20 most positively and negatively correlated genes are shown in Table 3 . The merging of all 1681 significantly changed genes into the GO program (Table 4) showed that the categories whose genes correlated most highly between X.laevis and X.tropicalis, on average were related to development, growth, reproduction, cell death, biosynthesis and response to abiotic/external stimulus.
QPCR assays were carried out to confirm the microarray results. The HIF1a gene was selected for the QPCR assays based on the criteria that it (i) was expressed at relatively high intensities; (ii) was showed relatively large fold changes for at least some of the different tissues and developmental stages and (iii) was a gene that encoded a product of known function. The fold-change increase in HIF1a RNA expression levels in X.tropicalis relative to X.laevis from the microarray studies were: egg, 5.2; stage 10, 9.4; stage 40, 8.5; liver, 27.3 and ovary, 6.3 (P-values < 0.001). Using RPL4 as a reference, the fold-change increase in HIF1a RNA expression levels in X.tropicalis relative to X.laevis from the QPCR results were: egg, 7.4; stage 10, 1.2; stage 40, 3.3; liver, 2.8 and ovary, 1.5 (egg, stage 40, and liver P-value < 0.001; ovary P-value < 0.05). Thus, because the QPCR results for the five tissues/developmental stages all followed the same trend as the microarray results and at statistically significant levels (except for stage 10), the QPCR results validated the microarray results.
The global gene expression profiles for X.laevis and X.tropicalis follow parallel temporal developmental programs
The last question posed was how the two Xenopus species compare in their gene expression profiles during development. That is, do the temporal gene expression profiles correspond similarly to the observed embryological stages for the two species? Identifying the genes that behave similarly and differently at the different developmental stages may lead to the identification of determinants. To carry out this portion of the study, mRNA levels from egg, stage 10 and stage 40 from a given Xenopus species was compared with the same corresponding reference RNAs described earlier ( Figure 5A ). In addition, for each Xenopus species, mRNA from egg was compared with stage 10 mRNA and with stage 40 mRNA relative to the reference RNA. By comparing gene expression levels in relation with the corresponding reference RNA, the experimental design again allowed for the detection of differentially expressed genes during the course of development without the skewing effects from differences in hybridization efficiencies for the two Xenopus species on the X.tropicalisbased microarray platform.
The heat map in Figure 5B shows a gene cluster diagram for stage 10 and stage 40 mRNA levels versus corresponding X.laevis and X.tropicalis egg mRNA levels and includes the top ranked most significantly changed 200 genes in each comparison that changed at least 50%. There were overlapping genes that were top ranked in more than one comparison, thus, a total of 547 different genes were included. The heat map shows that for the vast majority of genes, a given gene that either increased (red), decreased (green) or did not change (black) relative to the corresponding egg mRNA, also increased, decreased or did not change accordingly in the other Xenopus species. Thus, the heat map is generally a block of genes with decreased mRNA levels (green upper half) over a block of genes with increased mRNA expression levels (lower red half) and indicates that the gene expression profiles during development for X.laevis and X.tropicalis are very similar. Nonetheless, there were several small clusters of genes that were contrary to the general trend and are designated to the right of the heat map by the numbers 1-3 ( Figure 5B ). For example, the cluster of genes designated number one shows a group of genes that decreased at stages 10 and 40 in X.tropicalis, whereas, in X.laevis, the same genes remained relatively unchanged. However, in each of the groups 1-3, no functional relationship among the genes could be discerned and suggests that there are no major differences in any specific developmental program. In conclusion, for the great majority of the genes, mRNA levels for the same genes rose and declined similarly during development in both Xenopus species. Additional evidence that the developmental programs for X.laevis and X.tropicalis are similarly regulated is shown in Table 5 . Table 5 lists the correlation coefficients between the two Xenopus species for the 116 genes identified as significantly changed among tissues or developmental stages, i.e. those genes involved in development according to the GO database (first row in Table 4 , GO term GO:0007275). Of the 116 genes listed, 88 (76%) had a correlation coefficient of 0.5 or greater (above the black dividing line) suggesting that many of the key genes that direct or participate in development are regulated similarly in the two Xenopus species.
DISCUSSION

Sequence divergence and gene expression
We introduced four questions to investigate. The first question was whether the association between gene sequence divergence and hybridization efficiency can be effectively measured and used to generate a correction factor when mRNA levels are directly compared (Figure 2) , and the second question was whether there is an association between sequence divergence and differences in gene expression levels for X.laevis and X.tropicalis when hybridization bias is removed (Figure 3) . The prediction for the first question is obvious, i.e. that there would be a direct relationship between sequence similarity and hybridization efficiency, and our intent was to quantify sequence divergence and hybridization efficiency between the two Xenopus species. By plotting spot intensity ( Figure 2B ) and the relative mRNA expression levels for each gene ( Figure 2C ) as measures of hybridization efficiency versus sequence matches in the 70mer probe, we showed, not surprisingly, that overall, as sequence similarity for the genes from the two Xenopus species increased, so did hybridization efficiency. Moreover, we obtained a hybridization efficiency measure for each Xenopus gene based on its sequence similarity measure. Such information may be useful as a correction factor when directly comparing X.laevis and X.tropicalis mRNA levels or the mRNA levels of any species.
For the second question, our hypothesis was that as sequence divergence increased so would the difference in gene expression levels ( Figure 3 , Table 1 ). The hypothesis was based on the premise that as sequence divergence increased for a given transcript between two species, the greater the likelihood that the transcript encoded a different protein and that the encoded protein carried out a different function, and therefore, the greater the likelihood the transcript would be expressed at a different time and/or level for the encoded protein to carry out the different function. That is, across tissues and developmental stages, the more similar orthologous genes are expressed in time and space, then the more likely the gene sequence and therefore the encoded protein sequence will be similar. To test that hypothesis, we designed a method to compare interspecies transcriptomes free of hybridization bias using a same species reference RNA. It should be noted that the method in theory can be used to compare any two transcriptomes free of binding bias on any given array of probes, although to increase sensitivity and specificity, the sequence identity of the arrayed probes should be as close as possible to the target sequences. Indeed, we observed that for the transcripts on the whole, as mRNA sequence divergence increased, so did mRNA expression levels, which raises a cause and effect question. In the case where sequence divergence in the mRNA sequence could be a cause for differential gene expression, a gene with a nonlethal, non-synonymous mutation would encode a different protein that would either be better or worse at carrying out its function than would the formerly encoded protein. Because no mutation would have yet occurred in the regulatory regions for the gene in question, the transcript for the new protein would probably be expressed at the same time and level of the previous transcript. A mutation in the regulatory region of the gene would be required to alter transcriptional timing or transcript levels such that the new protein could function better, serving as a positive selective mechanism for the gene.
It could also be the case that a change in gene expression could be the selective force for mRNA sequence divergence. A mutation that first occurred in the regulatory region that caused a change in transcript levels and/or timing could be a means for selecting those mutations in the corresponding coding region that encoded a better functioning protein under the new expression conditions. For example, a mutation in the promoter that decreased the transcription rate of the gene may positively select for a mutation in the coding region that increased the activity of the translated protein. When more sequence data for both Xenopus species become available, we would predict that the genes in Xenopus with the greatest sequence divergence in the coding region would as a means for compensation, also have the greatest sequence divergence in the regulatory regions. Furthermore, it will prove interesting to tease out whether certain groups of genes diverged more rapidly than others and whether these genes play roles in developmental programs. Our new method for interspecies transcriptome comparisons may also prove useful in the testing of the neutral theory of evolution (26, 27) to determine whether the mRNA sequence divergence between species is primarily stochastic and neutral or the result of natural selection. Our results would support the latter because the mRNA sequence divergence we observed did have an effect on mRNA expression levels, i.e. if the transcript sequence divergence we observed was neutral, little or no change in gene expression would be predicted. An apparent complication that would not be faced in most interspecies comparisons is that X.laevis is an allotetraploid (28) , in which $50% of the genes in X.laevis are duplicated (29) , which arose from the fusion of two nuclei from different species (30) . These facts raise the question of (i) which orthologous transcript sequence (which may vary considerably for a given duplicated gene) may have hybridized to a given X.tropicalis probe and (ii) the larger question of whether a given X.laevis transcript sequence may have hybridized specifically to the corresponding orthologous probe. In regard to which X.laevis orthologous transcript may have hybridized to a given X.tropicalis probe, it is impossible with the current microarray probes to determine to what degree dissimilar RNA sequences of a duplicated X.laevis gene pair would have hybridized. The binding of two different labeled targets to a probe would have provided a sum amount of fluorescence signal. In our analysis when applicable (Table 1) , we used only the more similar sequence of an X.laevis gene pair because it could not be ascertained how much signal the less similar sequence provided. Thus, for Table 1 the degree of sequence divergence may be underestimated.
In regard to whether a given X.laevis sequence hybridized specifically to the corresponding orthologous probe, because hybridization efficiency is a function of sequence similarity, owing to the stringent hybridization conditions employed for these studies and the divergence of the X.laevis sequences, it is probable that only the orthologous transcripts would have hybridized to the corresponding probe. Furthermore, nonspecific hybridization would be expected to be less in closely related interspecies comparisons than with an intraspecies comparison, i.e. if somewhat divergent sequences are expected to hybridize less well to the orthologous probes then they would also be expected to bind less well to the non-orthologous probes. These observations may account for our results described earlier in which only 23% of the genes met the signal to noise criterion for analysis of X.laevis versus its reference RNA while 76% of the X.tropicalis genes were analysed versus its reference RNA.
Other studies have addressed the problem of sequence mismatches for multi-species comparisons on microarrays by using multi-probe arrays representing the different target species (31) , by disregarding all data except those representing identical target/probe sequences (27) , or by incorporating a non-specific, general normalization procedure (32) . Interspecies hybridization approaches in which mRNA levels were directly compared include canine sequences on human probes (33) , bovine sequences on human probes (34) , porcine sequences on human probes (35) and non-human primate sequences on human probes (36) . In each study, orthologous genes were identified with similar and dissimilar gene expression levels. Our results showed that the orthologous genes between X.laevis and X.tropicalis produced generally similar expression profiles. However, to our knowledge, no other published work has attempted to quantify interspecies comparisons in which the bias owing to differences in hybridization efficiencies was removed and in which differential gene expression levels and transcript sequence divergence were correlated.
Interspecies comparisons
Third, we asked how differential gene expression patterns compared between corresponding tissues and developmental stages of X.laevis and X.tropicalis. The expressed RNA from the tissues and stages were each compared with a same-species reference RNA, a method that allowed the comparison of interspecies expression patterns free of bias owing to sequence differences ( Figure 4A) . The homologous Xenopus genes that were significantly differentially expressed relative to their reference RNA in at least one of the tested tissues and stages (1681 genes of ±2-fold or greater, P-value < 0.001, FDR < 0.05) were then compared across species. We assumed that the differentially expressed genes were representative of all genes present in all tissues and there was no evidence to suggest otherwise. We suggest that this approach will be useful in comparing gene expression levels of other related species on a given microarray platform.
We found that among the differentially expressed genes, gene expression levels were quite similar between the two species, and our conclusion was that the genes between the two species were generally expressed similarly ( Figure 4B ). However, that conclusion was based on our findings that 23% of the 10 898 total transcripts present in the examined tissues and developmental stages were successfully analysed for X.laevis, yet, 76% of the transcripts were similarly analysed for X.tropicalis. These results suggest that (i) the overall RNA transcript sequence divergence between the Xenopus species may be such that only one-third of the X.laevis transcript sequences relative to X.tropicalis can bind sufficiently to the X.tropicalis platform and/or (ii) the very unlikely prospect that nearly two-thirds of the transcripts expressed in the examined tissues and developmental stages in X.tropicalis are not expressed in X.laevis. Therefore, our conclusion that the two Xenopus species generally have similar global gene expression patterns is somewhat guarded because it is based on approximately one-quarter of the total available Xenopus transcripts.
Global gene expression during X.laevis and X.tropicalis development
The fourth question dealt with how well temporal gene expression changes across the observed embryological stages correlated for the two Xenopus species. We found that gene expression profiles between two given developmental stages were generally similar for each Xenopus species ( Figure 5) . The results for this part of the study were also free of any bias due to sequence differences in that changes in gene expression over time (egg to stage 10 to stage 40) were determined relative to the like species reference RNA. In this case, all the homologous Xenopus genes that were differentially expressed in any of the three developmental stages relative to the reference RNA were compared with each other (±2-fold or greater, P-value < 0.001, FDR < 0.05). These results led to a total of 547 genes included in the clustering analysis. The data presented in Figure 5B show that X.laevis and X.tropicalis express the majority of genes at the same developmental time. Although it was beyond the scope of this paper to speculate what implications the differences in temporal expression may mean in the two developmental programs, it will undoubtedly bear out that the genes that are not expressed similarly will prove more interesting.
